Clear cell sarcoma of the kidney (CCSK) arises most often in children <3 years of age and is the second most common renal tumor in children following Wilms tumor (1) . Since its first description in 1970 (2) , CCSK has presented significant diagnostic and clinical challenges. CCSKs are frequently misdiagnosed because they often resemble other pediatric renal tumors (3) . During the last cooperative group clinical protocols, only 68% of CCSKs were correctly identified by the institutional pathologist. Currently, the diagnosis of CCSK is based solely on histologic features. Numerous studies have failed to identify immunohistochemical features or recurrent genetic changes that can reliably distinguish CCSKs from other pediatric renal tumors (1, 4) . The accurate and timely diagnosis of CCSK is particularly critical because they are more aggressive than many other renal tumors, and they require chemotherapeutic regimens that include doxorubicin even at low stages (1, 5, 6) . The identification of markers that distinguish CCSKs from other renal tumors could be used in conjunction with histology to improve the accuracy of diagnosis. Such markers would also shed light on the pathogenesis of CCSK, a tumor that is virtually exclusively found in the kidney and whose cell of origin remains an enigma. To address these questions, oligonucleotide microarrays were employed to compare the gene expression profiles of CCSK with those of Wilms tumor and fetal kidney samples. These studies show the genetic expression profile of CCSK to be highly distinctive. The finding that many of the genes up-regulated in CCSK are involved with neural differentiation, development, or function may be an important reflection of the cell of origin of CCSK. Additionally, two pathways activated in CCSK (Sonic hedgehog and phosphoinositide-3-kinase/Akt) have also been implicated in other pediatric neural tumors. Lastly, potential therapeutic targets are identified that may be useful in the treatment of CCSK.
Materials and Methods
Patient samples. Frozen tissue samples were obtained from the Renal Tumor Bank of the Children's Oncology Group. These were from unselected patients, and the pathologic diagnosis was provided by central pathology review. Samples were snap-frozen immediately following surgery and were mailed on dry ice to the Tumor Bank and retained at À80jC. Studies were done with the approval of the Children's Memorial Hospital Institutional Review Board. Frozen sections were evaluated histologically prior to RNA isolation and tumors with <80% viable tumor cellularity were excluded. A total of 14 CCSKs, 15 blastemal Wilms tumor (three analyzed in duplicate), and 3 fetal kidneys (10, 15 , and 16 weeks of gestation) were available for gene expression analysis.
RNA isolation. Total RNA was isolated from frozen tissues by Trizol (Invitrogen, Carlsbad, CA) extraction and treated with DNase I (Roche, Indianapolis, IN). No RNA amplification was done. The RNA was purified by RNeasy Mini Kit (Qiagen, Valencia, CA) and the concentration was determined by absorbance as measured by a GeneQuant DNA/RNA calculator (Amersham Biosciences, Piscataway, NJ). Samples with A 260 /A 280 of <1.8 were excluded. The quality of the RNA was further assessed by electrophoresis on a 1% agarose gel and samples rejected if significant RNA degradation was observed.
cDNA synthesis. cDNA synthesis was done by SuperScript DoubleStranded cDNA Synthesis Kit (Invitrogen). The manufacturer's protocol was modified by the use of a high-pressure liquid chromatography -purified T7-(dT) 24 primer (GenSet Oligos, Proligo, Boulder, CO) and incubation at 42jC rather than 37jC. The doublestranded cDNA product was purified by phenol/chloroform extraction using Phase Lock Gels (Eppendorf Scientific, Westbury, NY) followed by ethanol precipitation. The resulting pellet was washed twice in 80% ethanol, dried, and resuspended in 22 AL of RNase-free water.
Biotin-labeled cRNA synthesis. Twenty-two microliters of purified cDNA underwent an in vitro transcription using the BioArray High-Yield RNA Transcript Labeling Kit (Enzo, Farmingdale, NY). The resulting biotin-labeled cRNA was purified using RNeasy Mini Kit (Qiagen) and quantified using a GeneQuant DNA/RNA calculator (Amersham Biosciences). Samples were rejected from further analysis if the total yield from the in vitro transcription reaction was <30 Ag per reaction. Labeled cRNA (17 Ag) was fragmented according to the Affymetrix (Santa Clara, CA) protocol (http://www.affymetrix.com/support/ technical/manual/expression_manual.affx).
Hybridization. The labeled, fragmented cRNA was added to a 300 AL volume of hybridization cocktail and hybridized to the Affymetrix HG-U133A oligonucleotide array (http://www.affymetrix.com/products/ arrays/specific/hgu133.affx) for 16 hours at 45jC according to the Affymetrix protocol.
Washing, staining, and scanning. The hybridized microarrays were washed and stained using preprogrammed Affymetrix protocols. The arrays were stained with streptavidin-phycoerythrin (Molecular Probes, Eugene, OR) and the signal amplified using an antibody solution containing 0.1 mg/mL normal goat IgG (Sigma-Aldrich, St. Louis, MO), and 3 Ag/mL biotinylated antistreptavidin antibody (Vector Laboratories, Burlingame, CA). The arrays were scanned in an HP GeneArray Scanner at the excitation wavelength of 488 nm. The amount of light emitted at 570 nm is proportional to the bound target at each location on the microarray.
Quality control. Following scanning, array images were assessed by eye to confirm scanner alignment and the absence of significant bubbles or scratches. The raw data (the cel files) can be found at http:// www.ncbi.nlm.nih.gov/geo (accession number GSE2712). The digitalized image data were processed using Affymetrix GCOS software. Samples for which the 3V/5V ratios for glyceraldehyde-3-phosphate dehydrogenase were >3.2 were excluded. The BioB spike controls were confirmed as present on 100% of the chips; BioC, BioD and cre were also present and in increasing intensity. When scaled to a target intensity of 2,500, scaling factors were between 12 and 53. Background , raw Q values (1.3-3.7), and mean intensities were within acceptable limits. The percentage of present calls ranged from 38% to 52%.
Statistical analysis. The data was first filtered to exclude genes which were ''absent'' in all samples and to exclude all Affymetrix control genes. The data was then normalized using a quantile-quantile normalization algorithm. For details of the quantile-quantile normalization algorithm, refer to http://dot.ped.med.umich.edu:2000/ourimage/microarrays/ kerby_norm.htm. This resulted in the 15,666 probe sets used for the data analysis hereafter. The normalized data can be found in the Supplemental Data located at https://www.childrensmrc.org/ CCSK_profile/. Hierarchical clustering was done using Spotfire software (Somerville, MA). To identify differentially expressed genes between CCSK and Wilms tumor, significance analysis of microarray was used (7) . Principal component analysis was done on the standardized gene expression data (expression level for each gene has a mean of 0 and a SD of 1) by the method of singular value decomposition, and the first three principal components were plotted using the R statistical software (http://www.r-project.org).
Real-time quantitative RT-PCR. RNA from six CCSK samples and two fetal kidney samples were further analyzed by RT-PCR to confirm the RNA expression levels of five genes. The ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) was used. RT-PCR cycle variables were 48jC for 30 minutes, 95jC for 15 minutes, followed by 40 cycles at 95jC for 15 seconds, and 59jC for 1 minute. The primers and probes used in the study were designed using Primer Express software (Applied Biosystems). TaqMan probes, labeled with the reporter dye FAM and the quencher dye QSY7, and the actin primers used as a control were synthesized by Megabases, Inc. (Evanston, IL); the remaining primers were synthesized by Qiagen-Operon (San Francisco, CA). The probe sequences and primers are shown in Table 1 . h-Actin was used as the endogenous control.
Immunohistochemistry. Paraffin-embedded tissue blocks were available for 10 CCSKs and 10 Wilms tumors. The following monoclonal antibodies were used: nerve growth factor receptor (NGFR; U.S. Biological, Swampscott, MA) at a dilution of 1:50, epidermal growth factor receptor (EGFR; DAKO Corp., Carpinteria, CA) at a dilution of 1:200, and CD117 (DAKO) at a dilution of 1:40. Following the appropriate secondary antibodies, the labeled antigens were visualized by a streptavidin-biotin system (Vectastain Elite ABC Kit, Vector Laboratories) followed by Vector NovaRed Substrate Kit (Vector Laboratories) and counterstained with hematoxylin (Richard-Allen Scientific, Kalamazoo, MI). Staining was quantified according to the following categories: strong staining of >50% of tumor cells, at least moderate staining of >20% of tumor cells, pale staining of <20% of tumor cells, and no staining.
Immunoblotting. Anti-AKT and anti-FKHR (FOXOA1) antibodies were purchased from Cell Signaling Technology (Beverly, MA), and anti-GLI1 803-818 antibodies from Rockland Immunochemicals for Research (Gilbertsville, PA). An antibody to h-actin (clone AC-15) from Sigma-Aldrich was used as a control to confirm equal loading. Protein lysates from six CCSKs and six Wilms tumors previously analyzed for gene expression were prepared by adding 500 AL sample buffer [0.125 mol/L Tris-HCl (pH, 6.8), 2% SDS, 10% glycerol, 0.001% bromophenol blue, and 5% h-mercaptoethanol] to 100 mg of frozen tissue followed by homogenization. DNA was sheared in a cold water bath sonicator for 40 minutes. 300 Ag of total protein lysate was run on a 10% polyacrylamide SDS gel and transferred to a nitrocellulose membrane. The blots were rinsed then blocked with TBS containing 0.1% Tween 20 and 10% bovine serum albumin. Primary antibody was diluted in blocking buffer at a 1:1,000 dilution and incubated with the membrane overnight at 4jC. The blots were washed with either alkaline phosphatase antirabbit IgG (Vector Laboratories) for the GLI1, AKT, and FKHR (FOXOA1) antibodies, or alkaline phosphatase antimouse (Vector Laboratories) for the h-actin antibody. After washing, the color was developed with a 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium alkaline phosphatase substrate kit IV detection kit (Vector Laboratories).
Results
The gene expression profile of clear cell sarcoma of the kidney is distinctive when compared with Wilms tumor and fetal kidney samples. Gene expression analysis was done with 14 CCSKs, 15 Wilms tumors, and 3 normal fetal kidneys using Affymetrix HG-U133A chips (Affymetrix). Following normalization and filtering, 15,666 probe sets were included in the analysis. The data was first subjected to unsupervised hierarchical clustering as illustrated in Fig. 1A . The CCSKs clustered tightly together in a distinctly different group when compared with Wilms tumors and fetal kidneys. Three Wilms tumors were analyzed in replicate using RNA independently extracted on different days; these replicates clustered tightly together, providing confidence in the reproducibility of the data. To define genes that were significantly differentially expressed whereas reducing the number of false-positives, significance analysis of microarray was done and 413 probe sets corresponding to 330 genes were noted to be reliably differentially expressed. These can be found in the Supplemental Data (https://www.childrensmrc.org/ perlman/). Over 20% of the genes detected were represented by more than one probe set, providing additional confirmation of, and confidence in, the genes involved. Principal component analysis is a multivariate method that reduces the high dimensionality of data to two or three viewable dimensions representing linear combinations of genes that account for most of the variance of the original data set. Principal component analysis was first applied to all 15,666 filtered probe sets (Fig. 1B) and then to the 330 genes selected by significance analysis of microarray (Fig. 1C) . A distinct separation between Wilms tumor and CCSK was observed. The first principal component was able to separate Wilms tumor and CCSK completely.
To analyze the genes which were differentially expressed, the 330 genes selected by significance analysis of microarrays were analyzed by surveying the literature for known gene functions, and by investigating the biological pathways using Ingenuity Pathways Analysis software (Ingenuity Systems, Inc., Mountain View, CA). Twenty-two of the 330 genes are currently hypothetical. Many of the genes that were up-regulated in CCSKs could be grouped into four different but related categories: (a) genes involved in neural differentiation, neural expression, neural activity, and neural development (collectively referred to below as neural markers); (b) members of the Sonic hedgehog pathway; (c) members of the phosphoinositide-3-kinase/Akt pathway; and (d) potential therapeutic targets. Genes within the first three categories and their expression levels are listed and illustrated in Fig. 2 . We further analyzed the genes overexpressed in each of these categories, paying special consideration to genes that function in more than one of these categories.
Up-regulation of neural markers. The largest group of genes up-regulated in CCSKs included genes involved in a wide variety of neural or neuronal activities, referred to collectively as neural markers. There were >30 genes belonging to this group, including neuronal pentraxins and their receptors, notch pathway genes, proto-oncogene EGFR, neurotrophins and their receptors, neural developmental genes, and neural growth factors (Fig. 2) . To validate the gene expression data, a subset of these genes was analyzed by quantitative RT-PCR analysis, which confirmed the up-regulation of NPTX2 (>15-fold), LHX2 (>100-fold), ECEL1 (>50-fold), NGFR (>18-fold), and NTRK3 (>10-fold; Fig. 3 ). NGFR protein overexpression was confirmed by performing immunohistochemistry on archival sections of 10 different CCSKs and 10 Wilms tumors. All 10 CCSKs showed robust membranous staining with the NGFR antibody, with negative staining of adjacent renal elements (Fig. 4A) . The 10 Wilms tumors (showing a spectrum of epithelial, blastemal, and stromal elements) were predominantly negative for NGFR using immunohistochemistry. In 2 of 10 cases, the paucicellular stroma separating the nodules of tumor was focally positive, and in a single case, small regions of undifferentiated stromal cells were strongly positive. To determine if NGFR staining could be of robust diagnostic utility, 11 congenital mesoblastic nephromas were similarly analyzed. These are mesenchymal tumors arising in young infants that are commonly mistaken for CCSK. Four classic congenital mesoblastic nephromas showed weak positivity of <25% of cells; one of five cellular congenital mesoblastic nephromas showed focal positivity. The majority of this tumor, and the remaining four tumors were entirely negative. Normal kidney showed the positivity of isolated cells in the distal tubules, the collecting ducts, and the urothelium, but the renal parenchyma was otherwise negative. In particular, a mesenchymal component expressing NGFR was not identified. These data suggest that NGFR is reliably and highly expressed in CCSKs at the RNA and protein levels, clearly differentiating them from Wilms tumors. The patchy positivity in other renal mesenchymal tumors, whereas distinctly different from the pattern shown in CCSKs, may limit its utility as a diagnostic immunohistochemical marker, although this merits further study in a larger group of tumors. Up-regulation of the Akt pathway. In addition to their roles in neural development, both NGFR and NTRK3 also function as receptors in the Akt pathway. This pathway regulates cell fate through inhibition of apoptosis, inhibition of necrosis, and promotion of cell proliferation (8) . The hallmark gene of this pathway, AKT1, was among the 330 genes that were significantly up-regulated in CCSKs, and therefore, was targeted for additional analysis. Additional Akt pathway members that were up-regulated were PIK3R1 (p85), EGFR, NGFR, PTPNS1, GRB10, FOXO3A, FOXO1A, DAPK1, MAP3K5, and AR. Further confirmation of activation of the Akt pathway was provided by the observation that the proapoptotic gene, BNIP3L, was down-regulated as illustrated in Fig. 2 . The differential expression of NGFR and NTRK3 was validated using quantitative RT-PCR as described above. To examine for corresponding protein up-regulation, we did Western blotting analysis using whole cell lysates from CCSKs and Wilms tumors and antibodies against Akt1, Foxo1a, and h-actin as control. The concentration of total Akt1 protein was equal among all six Wilms tumor samples and three of the CCSK samples tested. However, three CCSK samples exhibited an Akt1 concentration >2-fold higher compared with the Wilms tumor extracts (Fig. 4B) . The full-length 69 kDa Foxo1a protein was detected at high levels in all six CCSK samples, but was almost undetectable in Wilms tumors (Fig. 4B) . Western blots using antibodies against the phosphorylated Akt and/or Foxo1A were attempted, but phosphorylated protein was undetectable. This is not unexpected as these proteins are only briefly phosphorylated and the concentrations of phosphorylated Akt1 and Foxo1a are likely to be too low to be detected in these extracts. We conclude that the Akt pathway is likely to be upregulated in CCSK compared with both Wilms tumor and normal fetal kidney based on the up-regulated expression of multiple genes in the pathway in addition to up-regulation of two hallmark proteins, Akt1 and Foxo1a.
Up-regulation of the Sonic hedgehog pathway. In addition to Akt pathway genes, a number of key genes in the Sonic hedgehog pathway were also up-regulated (Fig. 2) . These include PTCH (the Sonic hedgehog receptor that is transcriptionally activated by GLI family transcription factors), and both GLI1 and GLI2 (transcription factors vital to Sonic hedgehog signaling; ref. 9). In addition, CCSKs show up-regulated expression of a variety of other Sonic hedgehog pathway genes, including TWIST1 (a transcriptional activator of GLI1; ref. 10), CCND1 (a promoter of cell proliferation; ref. 11), and PDGFRA and PDGFA (a growth factor/receptor duo; ref. 12). To explore the Sonic hedgehog pathway at the protein level, we did Western blot analysis of GLI1 on whole cell extracts from frozen CCSK and Wilms tumor samples. The 150 kDa, fulllength GLI1 band was detectable in four of the six CCSK extracts, but was virtually undetectable in any of the six Wilms tumor extracts (Fig. 4B) , indicating a potential role for the Sonic hedgehog pathway in the development of CCSKs.
Potential therapeutic targets. An important motivation for performing gene expression analysis of tumors is the potential to identify therapeutic gene targets. Several of the genes found to be up-regulated in CCSKs have already been targeted for inhibitor design and development. These include AR, EGFR, KIT, NR3C1, PDE4A, PDGFRa, and PPP3Ca. To further investigate and confirm these findings, 10 additional CCSKs were evaluated for expression of c-kit protein using antibodies directed against the CD117 and EGFR proteins (Fig. 4C ). Of these 10 tumors, 1 showed strong membranous staining for CD117 in >50% of the tumor cells, 3 tumors showed at least moderate staining of >20% of tumor cells, 2 tumors showed pale staining of <20% of cells, and 4 tumors were completely negative. For EGFR, 3 tumors showed strong membranous staining of >50% of the tumor cells, 1 tumor showed at least moderate staining of >20% of the tumor cells, 3 tumors showed pale staining of <20% of the tumor cells, and 3 were completely negative. Four of the 10 tumors showed <20% positivity for both markers.
Discussion
Among pediatric renal tumors, CCSKs are the most frequently misdiagnosed due to their histologic diversity, their rarity, and the lack of consistent immunohistochemical and genetic markers. Furthermore, little is known regarding the cell of origin or pathogenesis of CCSK. The goals of this study were (a) to identify markers that can accurately distinguish CCSKs, (b) to elucidate the pathways that are unique to CCSKs in order to gain a greater understanding of their pathogenesis, and (c) to identify potential therapeutic targets.
Potential neural cell of origin for clear cell sarcoma of the kidney. The largest category of genes up-regulated in CCSKs were neural markers, including genes involved in neural development, function, and differentiation. Some genes identified as up-regulated in CCSKs have also been shown to be up-regulated in medulloblastomas as well as central and peripheral primitive neuroectodermal tumors (13 -17) . The most highly up-regulated gene in CCSKs was LHX2, a LIM homeodomain gene highly expressed in the developing brain, which showed >1,000-fold higher expression in CCSKs compared with Wilms tumors. Of particular interest was the upregulation of two neurotrophin receptor genes: NGFR and NTRK3 (TRKC). Both are known to be important determinants of cell death or survival (8, 18 -20) . Furthermore, both have been shown to be overexpressed in medulloblastomas (13, 14, 21) . NGFR is a receptor for neurotrophins and is required for neuronal survival (19) . Its ligand, nerve growth factor, binds and activates Trk tyrosine kinase receptors (15) . The binding of nerve growth factor to NGFR stimulates signaling pathways that result in cell survival by reducing apoptosis. NTRK3 and its receptor NT3 were also up-regulated in CCSKs.
The up-regulation of neural genes in CCSK may provide insight into the cell of origin of this elusive tumor. The fact that CCSKs are virtually exclusively found in the kidney of infants suggests that CCSKs arise within a mesenchymal cell of the developing kidney during gestation. If this hypothesis is correct, then there are three alternatives: (a) CCSKs may arise in a neural progenitor cell misplaced during development, (b) a renal mesenchymal cell may develop aberrant neural markers early in tumor development, or (c) CCSK may arise in a primitive mesenchymal cell in the kidney that shows neural markers for a restricted period of time during development. Both NGFR and NTRK3 have been shown to be expressed in the developing human kidney. In situ hybridization and immunohistochemical analyses show expression predominantly in the developing epithelial components of the kidney rather than the mesenchyme. However, NGFR expression has been noted to be present in the perivascular mesenchymal tissue in 19-week-old human fetuses, but not in full-term fetuses (22) . This supports the hypothesis that CCSKs (tumors characterized by a proliferation of mesenchymal cells surrounding a unique fine vascular network) may arise from such mesenchymal cells during a confined period of development when they express NGFR.
The up-regulation of neural markers in CCSK also promises to provide diagnostic tools for this lesion that is frequently misdiagnosed due to the current lack of positive diagnostic markers. The most promising marker in our study is NGFR, which was strongly and reliably up-regulated in all CCSKs using immunohistochemistry, a tool available in all histology laboratories. This will need to be formally analyzed within a larger cohort of CCSKs as well as a diversity of other tumors arising in the pediatric kidney.
Activation of the AKT pathway in clear cell sarcoma of the kidney. One of the signaling pathways activated by NGFR and NTRK3 is the Akt cell proliferation pathway, illustrated in Fig. 5A . Overall, activation of Akt results in increased cell proliferation and concurrent inhibition of apoptosis and necrosis (23) . The Akt pathway becomes activated by signaling from a variety of receptors, including NGFR, EGFR (24) , and NTRK3 (15), which were all found to be up-regulated in CCSKs. These tyrosine kinase receptors become phosphorylated upon growth factor binding, and the phosphorylated receptor recruits the p85/p110 complex. In addition to p85, GRB10 was also up-regulated: GRB10 associates with p85 and activates the Akt pathway through an unknown mechanism (25, 26) . The p85/p110 complex catalyzes activity that results in the recruitment of AKT1 to the plasma membrane, where it becomes activated by phosphorylation. Subsequent to phosphorylation of Akt1, a variety of signal transduction pathways become activated, resulting in the activation and/or repression of a wide variety of genes. Among the outcomes of Akt activation is the phosphorylation of forkhead transcription factors FOXO1A and FOXO3A, resulting in their inactivation. The forkhead transcription factors function to up-regulate genes involved in necrosis, apoptosis, and cell cycle arrest. The ultimate consequence of their inactivation is an increase in cell survival and proliferation (23, 27) . Genes for two key forkhead proteins, FOXO1A and FOXO3A, were up-regulated in CCSKs. One target of FOXO3A that promotes apoptosis is BNIP3L. Further compelling evidence of the deactivation of forkhead transcription factors, and hence activation of the Akt pathway, is the down-regulation of BNIP3L seen in CCSKs (28) . Another direct target of AKT1 shown to be up-regulated in CCSKs is MAP3K, which results in increased cellular proliferation via the mitogen-activated protein kinase pathway. We identified up-regulation of total Akt1 protein in half of the CCSKs tested. Because the active form of Akt is phosphorylated, it is possible that the tumors which did not show up-regulated overall Akt may contain up-regulated phosphorylated Akt1. Akt pathway components are frequently altered in human cancers, and may also be involved in drug resistance. Furthermore, efforts are under way to develop treatment strategies that target these specific signaling molecules and their downstream effectors (23) .
Activation of the Sonic hedgehog pathway in clear cell sarcoma of the kidney. This study shows up-regulation of PTCH and GLI1 in addition to many other genes known to act within the Sonic hedgehog pathway (GLI2, CCND1, PDGFA, PDGFRA, and TWIST1; refs. 10, 29 -31). The Sonic hedgehog signaling pathway governs patterns of cell growth and differentiation in a wide variety of embryonic tissues, and is illustrated in Fig. 5B . (33, 34) . The transcription of PTCH is also induced by Sonic hedgehog activity, generating a negative feedback loop and serving as a convenient indicator of Sonic hedgehog pathway activation (35) . Activation of the Sonic hedgehog pathway has been linked to several types of human tumors. The most direct example is Gorlin syndrome, an autosomal dominant disorder associated with heterozygous loss-of-function mutation in PTCH. Patients with Gorlin syndrome have increased incidence of many tumors, most notably basal cell carcinoma, medulloblastoma, rhabdomyosarcoma, and fibrosarcomas. Similar mutations in PTCH or activating mutations in SMO are found in 40% of sporadic basal cell carcinomas, 25% of primitive neuroectodermal tumors (24) , and in a histologic subtype of medulloblastomas (14, 36) . Small cell carcinomas of the lung, on the other hand, lack PTCH and SMO mutations, and in these tumors, Sonic hedgehog pathway activity is proposed to be secondary to endogenous overexpression of Sonic hedgehog ligand. Further studies are necessary to identify the underlying cause of the pathway activation in CCSKs, including analysis for SMO and PTCH mutations. Of therapeutic interest, a plant steroidal alkaloid, cyclopamine, binds to and inactivates SMO. Treatment with cyclopamine dramatically reduces pathway activity in cells driven by Sonic hedgehog activation, whether due to mutations or endogenous overexpression (37) .
Potential therapeutic targets. Potential therapeutic targets identified as up-regulated in CCSK included EGFR, KIT, and PDGFRa. These represent only part of a larger ongoing identification of tyrosine kinases in multiple cancer types. The goal is to provide orally administrable, safer methods of treatment than the current chemotherapeutic agents used. Thus far, several of these identified inhibitors have proved highly successful in a variety of tumor types. The most well characterized, gefitinib, has been targeted to patients exhibiting >10% EGFR positive staining by immunohistochemistry. This treatment has been reported to be effective in non -small cell lung, prostate, head and neck, colorectal, and ovarian cancers [reviewed in Vlahovic et al. (38) ]. Our data suggest that up to 70% of CCSKs may show >10% EGFR staining. Similarly, gastrointestinal stromal tumors have been shown to contain either KIT mutation (resulting in overexpression of CD117) or PDGFRa mutation. Patients with gastrointestinal stromal tumors who have either of these mutations are often responsive to imatinib mesylate (STI571), another tyrosine kinase inhibitor (reviewed in ref. 39 ). This inhibitor has also been shown to be effective in treating dermatofibrosarcoma protuberans, giant cell fibroblastoma, and glioblastoma (40, 41) . Our study suggests that at least 40% of CCSKs may show expression of CD117 at levels that correlate with inhibitor effectiveness in other tumor systems. In conclusion, one or more of the currently known tyrosine kinase inhibitors might be effective in the treatment of CCSKs. Future studies will rely on the creation of tissue microarrays representing tumors of patients registered in the Children's Oncology Group protocols and examining the relationship between EGFR and KIT expression, as well as the other up-regulated therapeutic targets, with clinical variables including stage, relapse, and responsiveness to therapy. In addition, genetic studies need to be done to assess whether or not mechanisms that have been shown to result in overexpression in other tumors (such as activating mutations) are also in play with CCSK.
